Peripheral clocks are known to modulate circadian patterns of insulin secretion. GLP-1 is an incretin hormone produced by the intestinal L cell that acts as a link between the gut and pancreatic b-cell. Herein, we demonstrate the existence of a diurnal rhythm in GLP-1 secretory responses to an oral glucose load in rats, with increased release immediately preceding the normal feeding period. This profile of GLP-1 release correlated with the pattern in insulin secretion, and both rhythms were completely inverted in animals subjected to a 12-h feeding cycle disruption and abolished in rats maintained under constant light conditions. A daily variation in the insulin response to exogenous GLP-1 was also found. Consistent with these in vivo findings, we demonstrated a circadian pattern in the GLP-1 secretory response to different secretagogues in murine GLUTag L cells, as well as in the mRNA levels of several canonical clock genes. Furthermore, significant changes in the expression of several genes were demonstrated by microarray and knockdown of two of them, thyrotroph embryonic factor and protein tyrosine phosphatase 4a1, resulted in altered GLP-1 secretion. Collectively, these results indicate that an independent peripheral clock in the L cell drives a circadian rhythm in GLP-1 secretory responses.
Peripheral clocks are known to modulate circadian patterns of insulin secretion. GLP-1 is an incretin hormone produced by the intestinal L cell that acts as a link between the gut and pancreatic b-cell. Herein, we demonstrate the existence of a diurnal rhythm in GLP-1 secretory responses to an oral glucose load in rats, with increased release immediately preceding the normal feeding period. This profile of GLP-1 release correlated with the pattern in insulin secretion, and both rhythms were completely inverted in animals subjected to a 12-h feeding cycle disruption and abolished in rats maintained under constant light conditions. A daily variation in the insulin response to exogenous GLP-1 was also found. Consistent with these in vivo findings, we demonstrated a circadian pattern in the GLP-1 secretory response to different secretagogues in murine GLUTag L cells, as well as in the mRNA levels of several canonical clock genes. Furthermore, significant changes in the expression of several genes were demonstrated by microarray and knockdown of two of them, thyrotroph embryonic factor and protein tyrosine phosphatase 4a1, resulted in altered GLP-1 secretion. Collectively, these results indicate that an independent peripheral clock in the L cell drives a circadian rhythm in GLP-1 secretory responses.
Most living organisms have developed circadian rhythms to adjust their metabolism to defined periodic changes in the environment, primarily the light-dark cycle (1, 2) . Furthermore, disruption of normal circadian rhythms has been associated with the onset of metabolic disorders such as type 2 diabetes and obesity (2) (3) (4) , whereas maintenance of robust circadian rhythms may protect the body from these perturbations (5) . A number of clock genes are responsible for generating circadian rhythms in the body. Although originally described in the suprachiasmatic nucleus (SCN), clock genes are expressed in most peripheral tissues, including the pancreatic b-cell and the gastrointestinal tract. These peripheral clocks, which are synchronized not only in response to the light-dark cycle, but also to the feeding cycle, modulate daily variations in organ activity (6) . The existence of clock genes has been demonstrated in pancreatic islets from humans and rodents (7, 8) , disruption of which leads to defective b-cell function in vitro, as well as hypoinsulinemia and hyperglycemia in vivo (9) . In agreement with this observation, it is known that insulin secretory responses follow a circadian pattern (10) . However, it has been shown in rodents that this rhythm is more pronounced in response to oral feeding than to an intravenous glucose load (11) , suggesting the involvement of gastrointestinal factors, such as the incretin hormones. Consistent with this notion, the existence of a peripheral clock has been demonstrated in the gastrointestinal tract (12, 13) , and many of the physiological activities of the gut, such as digestive functions, nutrient absorption, and proliferation, are all known to demonstrate circadian rhythms (14) .
GLP-1 is a peptide hormone secreted by the intestinal L cell that acts as a link between the gut and pancreatic b-cell, stimulating glucose-dependent insulin secretion (15) . The relevance of GLP-1 as an incretin has been demonstrated in rodents and humans, with both GLP-1 receptor antagonism and knockout reducing the insulin response to nutrient ingestion (16, 17) . Moreover, GLP-1 exerts other glucose-lowering actions, including suppression of glucagon secretion, gastric emptying, and appetite (18) . All of these antidiabetic properties led to the approval of GLP-1-derivative drugs for the treatment of patients with type 2 diabetes (15). Since novel therapies involving GLP-1 secretagogues are currently under consideration, the characterization of the normal GLP-1 secretory patterns throughout the day is highly relevant for the optimization of such approaches.
L-cell secretion is stimulated by food intake through a process involving initial stimulation through the vagus nerve (19) followed by a direct effect of nutrients as they pass down the lumen of the gastrointestinal tract to the distal L cell (20) . Previous studies (21) (22) (23) exploring daily fluctuations in GLP-1 levels have failed to find any circadian rhythm, likely because they did not compare the L-cell response at different times throughout the light-dark cycle using identical nutrient composition and caloric loads. Since the magnitude of the L-cell response is highly dependent on these parameters (24) , this may obscure any observation of a circadian rhythm. However, a recent study (25) has shown that GLP-1 levels in humans are higher in the morning than in the afternoon after ingestion of identical meals, indicating a temporal variation in L-cell responses.
Since a genuine circadian rhythm in L-cell secretion has yet to be established, GLP-1 responses to identical oral glucose loads were examined in rats throughout the darklight cycle, as well as in animals subjected to feeding cycle disruption and constant light exposure. In addition, variations in the secretory activity of the L cell in response to different secretagogues were assessed in vitro using murine GLUTag (mGLUTag) cells. We herein demonstrate the existence of a circadian variation in L-cell secretory responses to a wide variety of known secretagogues. Confirmation of this rhythm in vivo and in vitro suggests that it may be driven by an independent peripheral clock in the L cell. In support of this, daily rhythms in mRNA levels for several clock genes were found in vitro. Microarray analysis and further knockdown approaches identified two candidate mediators of this rhythm. Together, these findings demonstrate, for the first time, the existence of a circadian rhythm in GLP-1 secretion by the intestinal L cell and suggest that GLP-1 acts, at least in part, to entrain the b-cell response to nutrient intake.
RESEARCH DESIGN AND METHODS

In Vivo Studies
Animals
Male Wistar rats (300-350 g; Charles River Laboratories, St. Constant, Quebec, Canada) were housed two to three rats per cage under a 12 h light-dark cycle with lights on at 7:00 A.M. (zeitgeber time [ZT] 0) and controlled room temperature, with free access to tap water and regular chow, and were handled daily to avoid experimental stress. All procedures were approved by the University of Toronto Animal Care Committee.
Experiments
Food intake was determined every 2 h for 36 h. Basal blood samples (300 mL) were drawn from the tail vain every 4 h for 24 h from eight rats fed ad libitum. Samples were collected into 30 mL of 0.1 mmol/L diprotin A (SigmaAldrich, Oakville, Ontario, Canada), 5,000 kallikrein inhibitor units/mL aprotinin (Sigma-Aldrich), and 0.03 mol/L EDTA solution, and plasma was stored at 220 C.
Rats were fasted for 4 h to allow postprandial levels of GLP-1 to return to basal levels (21) (22) (23) (24) (25) and then were administered an oral glucose tolerance test (OGTT; 3 g/kg) at six different time points in a paired fashion (i.e., ZT2/ZT14, ZT6/ZT18, and ZT10/ZT22), with each animal studied at both times (n = 8 rats/each) separated by 1 week. Blood samples were collected at t = 0-60 min. Liver and ileum were collected after euthanasia.
Animals that were fasted for 4 h received a subcutaneous injection of vehicle (NaCl 0.9%) or GLP-1 (20 mg/kg) with or without an intraperitoneal glucose load (1.5 g/kg) at ZT10 and ZT22, allowing 1-2 weeks of recovery between tests. Blood samples were collected at t = 0-30 min.
One group of rats was maintained under the normal light-dark cycle with the animals fed only during the dark period (ZT12-ZT0, control group) or only during the light period (ZT0-ZT12) for 3 weeks. Another group was kept under constant light conditions and fed only during the former dark period (ZT12-ZT0) for 12 days. OGTTs were conducted at ZT10 and ZT22, as above, allowing 5-7 days of recovery between tests. Liver and ileum were collected after euthanasia.
Glucose and Hormone Determination
Plasma glucose levels were determined by enzymatic assay (Analox Instruments, Lunenburg, MA), and insulin and active and total GLP-1 levels were determined by sandwich immunoassay (Meso Scale Discovery, Gaithersburg, MD). Although active and total GLP-1 responses followed the same pattern ( Supplementary Fig. 1 ), total GLP-1 level was assessed in most studies because a large number of animals had undetectable active GLP-1 levels at t = 0. No daily variation in the activity of dipeptidyl peptidase IV, the enzyme that degrades active GLP-1, has been reported (25, 26) . Leptin levels were quantified by radioimmunoassay (Millipore, Billerica, MA).
In Vitro Studies
Cell Culture mGLUTag cells were selected as a model of the enteroendocrine L cell since they appropriately secrete GLP-1 in response to known secretagogues (27) . The cells were propagated in DMEM (Gibco, Burlington, Ontario, Canada) containing 25 mmol/L glucose and 10% FBS (Gibco). Cells were synchronized by overnight starvation in DMEM with 0.5% FBS followed by a 1 h shock with 10 mmol/L forskolin (Sigma-Aldrich) in DMEM with 10% FBS, and then washed with Hank's balanced salt solution for secretion or expression assay.
Secretion Assay
Synchronized cells were incubated for 2 h in DMEM with 0.5% FBS alone or containing 10 23 mol/L bethanechol (Sigma-Aldrich), 10 26 mol/L phorbol myristic acid (PMA; Sigma-Aldrich), 10 27 mol/L glucose-dependent insulinotropic peptide (GIP; Bachem, Torrance, CA), or 10 27 mol/L insulin (Eli Lilly, Toronto, Ontario, Canada). Peptides were extracted from medium and cells by reversed-phase adsorption to C18 silica (Sep-Pak; Waters, Mississauga, Ontario, Canada), and total GLP-1 levels were determined by radioimmunoassay (antiserum from Affinity Research Products, Nottingham, U.K.). GLP-1 secretion was calculated as the total GLP-1 content of the medium divided by the total GLP-1 content of the medium plus the cells.
Expression Assay
Cells were synchronized as above, and total RNA was extracted every 4 h over 48 h. When the effect of different treatments on gene expression was assessed, the cells were incubated for 2 h with the respective treatments, as above.
RNA Analysis
Total RNA was extracted using an RNeasy Plus Mini Kit (Qiagen, Germantown, MD) and quantified by spectrophotometric assay. Reverse transcription was performed using Superscript II with random primers (Invitrogen, Burlington, Ontario, Canada), and semiquantitative real-time PCR using TaqMan assays (primers listed in Supplementary Table 1) with TaqMan Universal Master Mix (Invitrogen). Data were analyzed using Opticon software (Bio-Rad, Hercules, CA), and relative expression was determined following the 2 -DDC(t) method (28) . H3f3a (liver, mGLUTag cells) or 18S (ileal mucosa) was selected as an internal control after determination that their levels did not change over the experimental period (data not shown).
Intestinal Proliferation
Crypt cell proliferation was determined using formalin-fixed paraffin-embedded ileal samples with an antibody for the mitotic marker, phosphohistone H3 (Cell Marque, Rocklin, CA). Immunopositive cells were counted to the 18th cell position from the base of the crypt, on both sides of each crypt, counting $80 crypts per rat.
Microarray Analysis
Microarray was conducted at the Ontario Cancer Institute Genomics Centre (Toronto, Ontario, Canada) using cDNA (1.5 ng) generated from mGLUTag cells treated for 2 h with bethanechol at 4 and 16 h. Samples were hybridized onto one Mouse WG-6 V2 BeadChip (Illumina, San Diego, CA) and scanned on an iScan (Illumina). Data were imported in GeneSpring version 12.0 for analysis.
Small Interfering RNA Transfection
Silencer Select small interfering RNA (siRNA) oligonucleotides against thyrotroph embryonic factor (Tef; 59-GGA CAAGACGUAAGAAGAAtt), protein tyrosine phosphatase 4a1 (PRL-1; 59-CCAACCAGAUUGUCGAUGAtt), as well as Silencer Select negative control #1 (scrambled RNA) were purchased from Life Technologies (Burlington, Ontario, Canada). Transfection was conducted using 80 nmol/L of each oligonucleotide with Opti-MEM I Reduced Serum Medium and Lipofectamine 2000 (Life Technologies) following the manufacturer's recommendations. Transfection efficiency was determined by quantitative RT-PCR. Two days after transfection, cells were synchronized for 1 h as above, and secretion and expression assays were performed as above.
Statistical Analysis
Data are expressed as the mean 6 SE. Areas under curves (AUCs) were calculated by the trapezoid rule. Insulin resistance was indirectly calculated as the product of the insulin AUC (picomoles per liter 3 60 min) and the glucose AUC (millimoles per liter 3 60 min), as validated previously (29) . Student t test was conducted to compare two independent groups and one-way or two-way ANOVA followed by Tukey test, as appropriate, to compare three or more groups. For the microarray data, an uncorrected t test (P , 0.01) was performed. To calculate the period of the rhythms, nonlinear curve fitting was performed using OriginPro version 8.5 software.
RESULTS
Circadian Variation in the GLP-1, Insulin, and Glucose Responses to an OGTT A daily variation in basal levels of total GLP-1 and insulin was observed in ad libitum-fed rats, peaking in the dark period between ZT14 and ZT18 ( Supplementary Fig. 2 ). In contrast, basal levels of total GLP-1 and glucose were not significantly different in animals fasted for 4 h, although basal levels of insulin continued to be significantly higher at ZT22 (Fig. 1) . To circumvent the differences observed in basal insulinemia and to facilitate a direct comparison in the magnitude of the responses among different time points, the profiles of total GLP-1, insulin, and glucose responses to the OGTT are expressed as the D increment from the time of oral glucose administration (t = 0, Fig. 1 ). Plasma GLP-1, insulin, and glucose levels increased in response to the OGTT, peaking at t = 10 min for all time points studied. The highest GLP-1 responses occurred at ZT6 and ZT10 (e.g., 1300 and 1700 h), while the lowest response was detected at ZT22 (e.g., 0500 h). Accordingly, the AUC of the D GLP-1 response at ZT22 was significantly lower than those at ZT6 and ZT10 (P , 0.05-0.01, Fig. 2) . A similar pattern was found in the insulin profiles, with the highest response observed at ZT10 and the lowest at ZT22 (Fig. 1) ; the AUC of the D insulin response at ZT10 (e.g., 1300 h) was thus significantly higher than the responses at ZT6, ZT18, and ZT22 (e.g., 1300, 0100, and 0500 h, respectively; P , 0.05-0.001; Fig. 2 ). When the daily patterns of GLP-1 and insulin AUC responses to the OGTT were curve fit over a 24-h period, correlation coefficients of 77% and 67%, respectively (P , 0.001 for both), were obtained. Similar patterns for both GLP-1 and insulin were observed when the AUC of the absolute values was examined ( Supplementary  Fig. 3 ). In contrast, curve fitting for the D glycemic responses fit to a 12-h period (R 2 = 97%, P , 0.001, Fig. 2 ). This finding indicates that the rhythm in glucose responses is partially independent of the rhythms in GLP-1 and insulin, and is likely modulated by other factors such as daily variations in insulin sensitivity. Accordingly, the highest insulin resistance was detected at ZT10 (data not shown), coinciding in time with the greatest GLP-1 and insulin responses. Complementarily, a peak in ileal proliferative activity was detected at ZT8, concurrent with the highest L-cell secretory response ( Supplementary Fig. 4) . Finally, the patterns in GLP-1 and insulin responses were inversely correlated to the pattern in food intake, which fit to a 24-h rhythm (R 2 = 97%, P , 0.001, Fig. 2) .
A marked rhythm in the hepatic mRNA levels of three canonical clock genes, Bmal1, Rev-Erba, and Per2 was found (Fig. 3) , oscillating in opposing phases, as expected (6, 7) . Parallel oscillations in Bmal1 and Rev-Erba mRNA were also observed in the ileal mucosa, the intestinal segment with the highest L-cell abundance (30) . A rhythm in proglucagon mRNA levels was also found in the ileum, peaking at ZT22. To determine whether there is a rhythm in b-cell responses to GLP-1, animals were administered GLP-1 at the demonstrated zenith (ZT10) and trough (ZT22) time points for oral glucose-induced insulin release (Fig.  2) , with or without a concomitant intraperitoneal glucose load. GLP-1 treatment significantly stimulated insulin secretion compared with vehicle-treated controls under both conditions (P , 0.05, Fig. 4 ), although the magnitude of the insulin response promoted by GLP-1 was 8-to 10-fold higher when the peptide was administered in combination with the intraperitoneal glucose load, as expected given the glucose dependency of the GLP-1 effects on insulin secretion. Interestingly, the insulin response elicited by GLP-1 plus glucose administration was significantly (P , 0.05) higher at ZT10 compared with ZT22, suggesting enhanced b-cell sensitivity to GLP-1 during the afternoon hours. Time-restricted feeding (e.g., dark only vs. light only) produced an initial drop (P , 0.001) in food consumption in the animals that were fed exclusively during the light period, without affecting body weight (Supplementary Fig.  5 ). However, by the day of the first OGTT (e.g., 3 weeks after the feeding regimen started), both group of animals showed comparable daily food intake and body weight. Feeding cycle disruption completely inverted the phases of hepatic mRNA levels for Bmal1, Rev-Erba, and Per2, as expected for this nutrient-entrained tissue (1,6), but no differences were observed in the ileal mRNA levels of proglucagon between the two feeding conditions (Supplementary Fig. 6 ). No significant differences were detected in basal GLP-1 and insulin levels at ZT10 and ZT22 in any group of animals (Fig. 5 ). Both GLP-1 and insulin showed significantly greater responses to oral glucose (P , 0.05) when the load was administered at the end of the fasting period (e.g., at ZT10 in dark-fed animals and at ZT22 in light-fed rats), compared with the end of the feeding period (e.g., at ZT22 in dark-fed rats and ZT10 in light-fed animals), indicating the relevance of the feeding cycle as a zeitgeber ( Fig. 5 and Supplementary Fig. 7 ). In addition, light-fed animals showed similar glucose responses at ZT10 and ZT22, whereas dark-fed rats exhibited significantly improved glucose tolerance at ZT22 compared with both their own ZT10 response and the response of light-fed rats at ZT22 (P , 0.05).
Unexpectedly, the variations in GLP-1 and insulin responses between ZT10 and ZT22 were completely abolished in animals under constant light exposure and fed only during the subjective night (i.e., ZT12-ZT24), with significantly (P , 0.05) higher responses of both hormones at ZT22 compared with dark-fed rats under regular light-dark cycle conditions (Fig. 6 and Supplementary Fig. 8 ). In addition, animals exposed to constant light showed impaired glucose tolerance, with significantly (P , 0.05) higher glucose responses at both ZT10 and ZT22.
Circadian Variation in GLP-1 Secretory Responses In Vitro
The existence of an independent peripheral clock in mGLUTag cells was shown by the demonstration of robust circadian fluctuations in Bmal1, Rev-Erba, and Per2 mRNA transcript levels, with a calculated period of 28.8, 25.1, and 22.7 h, respectively (Fig. 7A) . A rhythm in the GLP-1 secretory response to bethanechol was also observed in mGLUTag cells, showing peaks of secretion at 4 and 28 h after synchronization (Fig. 7B) . A similar but less robust pattern was obtained for the GLP-1 secretory response to PMA (Fig. 7C) . The effects of GIP and insulin on GLP-1 secretion were therefore also studied at these peak (4 h) and trough (16 h) time points. Both hormones (as well as bethanechol, positive control) induced a 3.5-fold increase in GLP-1 secretion at 4 h (P , 0.01) compared with vehicle-treated cells; in contrast, no GLP-1 response was observed at time 16 h (Fig. 7D) . Proglucagon mRNA levels were also studied over a 48-h period and were found to be relatively stable throughout the study with slightly lower levels during the second 24-h period compared with the first 24-h period (Fig. 7E) . In response to the different secretagogues tested, proglucagon mRNA levels were consistently higher, by 1.2-to 1.5-fold, at 4 h after synchronization, although only the response to GIP reached significance (P , 0.05, Fig. 7F ).
Microarray analysis comparing samples at t = 4 and 16 h demonstrated significant differences for 517 probes, several of which are represented in Fig. 8A . PRL-1, a modulator of the extracellular signal-regulated kinase signaling pathway (31) , and Tef, a transcription factor implicated in the circadian regulation of islet genes involved in insulin production and secretion (32) , were among the genes with the greatest fold change (1.41 and 21.63, respectively, Fig. 8A ). The expression of these two genes was therefore knocked down (by 65% and 35%, respectively, P , 0.05-0.001, Fig. 8B and C) to investigate their functional role in GLP-1 secretion. Only the cells transfected with PRL-1 siRNA showed a significant reduction (by 25%, P , 0.05) in proglucagon mRNA levels ( Fig. 8D and E) . However, roles for both PRL-1 and Tef in L-cell secretory activity were demonstrated in synchronized GLUTag cells (Fig. 8F) . Specifically, when PRL-1 (the gene with higher expression during the peak of the GLP-1 secretory rhythm) was knocked down, the GLP-1 response to secretagogues was significantly attenuated, whereas with knockdown of Tef (the gene with higher expression during the secretory trough), GLP-1 secretion was significantly increased, both in the vehicle-treated cells and in response to secretagogues.
DISCUSSION
Ingestion of nutrients is the primary stimulus for L-cell secretion, with the highest GLP-1 levels achieved during the immediate postprandial period and a return to basal values within 3-4 h (21-25). Furthermore, L-cell responses are highly dependent on meal composition and caloric content (24) . In the current study, therefore, to enable direct comparison of GLP-1 secretory responses over a 24-h period, rats were fasted for 4 h and then administered an identical glucose load. Using this protocol, we demonstrate the existence of a diurnal rhythm in GLP-1 secretory responses in rats that is synchronized with insulin secretion. This rhythm is entrained by nutrient ingestion in animals kept under regular light-dark cycle conditions, but is disrupted by changes in the feeding cycle as well as by exposure to constant light. Complementarily, we also show a circadian rhythm in L-cell responses to a variety of secretagogues in vitro, as well as rhythmic expression of clock genes. Knockdown of two of the detected cycling genes in the L cells resulted in alterations in GLP-1 release. Taken together, our data demonstrate the existence of a diurnal pattern in L-cell secretion that may serve to tightly coordinate intestinal function and insulin release with nutrient ingestion. GLP-1 is thus a possible mediator of the metabolic disorders triggered by the disruption of the regular sleep-wake cycle (3, 4) .
A daily pattern in insulin secretion in response to an OGTT has previously been demonstrated in humans and rats (10, 33) . In agreement with these studies, we found the highest insulin responses at the end of the inactive/ light period, when the animals begin to eat, a change that was highly correlated with the GLP-1 responses in the same animals. The diurnal variation in GLP-1 responses was limited to the first phase of the secretory response (e.g., 10-30 min after oral glucose administration). Since L cells are mostly concentrated in the distal ileum and the colon (30) , and glucose has not reached this area of the gastrointestinal tract when GLP-1 secretion is triggered (34), the first phase of GLP-1 release is believed to be vagally mediated (19, 35) . Consistent with this notion, we herein demonstrate the existence of a circadian rhythm in the mGLUTag L-cell response to bethanechol, a nonspecific muscarinic agonist that acts via activation of protein kinase C (35) . Moreover, a circadian rhythm in the GLUTag cell response to PMA, a diacylglycerol mimetic that activates protein kinase C, was also observed. Thus, the diurnal variation in GLP-1 responses to oral glucose observed in rats could be a result of a daily rhythm in the L-cell response to parasympathetic stimulation. However, microarray analysis failed to detect significant differences in the expression levels of the components of these pathways, including the M1 and M2 receptors, between the established peak and trough times of mGLUTag cell secretory activity (e.g., at 4 vs. 16 h postsynchronization; data not shown). Furthermore, we also found that mGLUTag cell responses to GIP and insulin, which are known to stimulate GLP-1 secretion by activating cAMP and Erk1/2 signaling, respectively (36, 37) , showed a similar pattern, indicating that the daily variation in the L-cell responsiveness to stimulus is independent of the signaling pathways being activated. The molecular mechanisms underlying the circadian rhythm in L-cell activity may therefore be a result of a complex integration of several signals. Herein, we provide evidence that PRL-1 and Tef, two genes whose expression was found to oscillate in opposite phases in the GLUTag cells, play significant roles in GLP-1 secretion. However, further studies are required to provide a better understanding of the molecular mechanisms underlying the regulation of L-cell circadian activity by these effectors.
Many of the physiological activities of the gut are known to follow circadian rhythms (14) , consistent with the expression of peripheral clock genes in this tissue (12, 13) . We now demonstrate, for the first time, the existence of selfsustained oscillators (the canonical clock genes Bmal1, RevErba, and Per2) in an L-cell model, which may modulate the diurnal variation in L-cell activity. Although, under normal conditions, the circadian activity of peripheral clocks is coordinated by the SCN, other factors, such as the feeding cycle, are also able to synchronize the activity of these peripheral clocks (1, 6, 12, 13) . Consistent with this, we demonstrated that inversion of the feeding regimen for 3 weeks completely inverted the GLP-1 and insulin responses to an OGTT. These data suggest that rhythmic expression of the clock genes by the L cell is entrained by the feeding rhythm, as we found for these genes in the liver. However, in animals kept under constant light exposure and fed exclusively during the subjective dark period for 10 days, the rhythmicity in GLP-1 and insulin responses to oral glucose was lost, with significantly higher responses of both hormones during the subjective nadir. This finding is consistent with previous studies, which have shown several metabolic alterations in response to constant light exposure (38) . It is known that constant light conditions greatly impair the rhythmic activity in the neurons of the SCN (38) , and disruptions in the master clock may thus also impact entrainment of the molecular clock of the L cell. Ultimately, these findings also suggest that a disruption in the circadian variation of GLP-1 responses may precede the metabolic disorders caused by alterations in the sleep-wake cycle, a hypothesis that can be tested. Moreover, although the b-cell is regulated by its own independent clock genes (7-9), our observation that b-cell sensitivity to GLP-1 demonstrates a diurnal rhythm further supports the tight association between the GLP-1 and insulin secretory responses to nutrient ingestion. The coordination in the rhythmic activity of both the L cell and the b-cell may be particularly important to compensate for changes in insulin sensitivity, as we have observed that the GLP-1-stimulated insulin release was enhanced when the lowest insulin sensitivity was detected in our rats.
We have also demonstrated a diurnal variation in the proliferation of the ileal mucosa, with a peak in mitotic activity at ZT8, as previously reported (39) . Interestingly, this pattern closely matched the rhythm in GLP-1 responses. Since GLP-2, which is cosecreted with GLP-1, stimulates intestinal proliferation (40) , the rhythm in crypt proliferation may reflect the changes in GLP-2 cosecretion by the intestinal L cell. Because long-acting GLP-2 analogs have recently been approved by the Food and Drug Administration for treatment of patients with short bowel syndrome, further analyses of potential rhythms in GLP-2 action are clearly warranted.
In summary, our data demonstrate the existence of a daily variation in the L-cell response to stimuli in rats as well as in a murine L-cell line in vitro. This rhythm is entrained by the feeding cycle and appears to be produced by an independent molecular clock in the L cell. Furthermore, this rhythm may be instrumental in the daily pattern of insulin secretory responses as well as in gut homeostasis. Future studies are required to establish whether this pattern in L-cell secretion also occurs in humans, including shift workers, to determine whether their increased risk for metabolic disorders (2,3) is associated with alterations in their GLP-1 secretory rhythm. These findings may also have clinical implications since secretagogues that would enhance the levels of GLP-1 at specific times of day may be therapeutically useful in conditions such as type 2 diabetes. Author Contributions. M.G.-L. contributed to the concept and design of the study; the acquisition, analysis, and interpretation of the data; and the drafting and revision of the manuscript. E.L.M., W.K.W., and S.A.R. contributed to the acquisition, analysis, and interpretation of the data. P.L.B. contributed to the concept and design of the study, obtained funding, provided study supervision, and contributed to the drafting and revision of the manuscript. P.L.B. is the guarantor of this work and, as such, had full access to all the data in the study and takes responsibility for the integrity of the data and the accuracy of the data analysis.
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